Microspheres are small spherical particles with a diameter in the range 1-1000 µm, typically free-flowing in nature that can be made from either synthetic or natural materials (or a combination thereof). They have found widespread use in healthcare applications because numerous methods exist to manufacture them with great control over size, shape, and surface morphology (with potentially large surface areas) and with solid, porous, or capsular internal structures. [1] This provides the ability to encapsulate almost any desired molecule and Therapeutic embolotherapy is the deliberate occlusion of a blood vessel within the body, which can be for the prevention of internal bleeding, stemming of flow through an arteriovenous malformation, or occlusion of blood vessels feeding a tumor. This is achieved using a wide selection of embolic devices such as balloons, coils, gels, glues, and particles. Particulate embolization is often favored for blocking smaller vessels, particularly within hypervascularized tumors, as they are available in calibrated sizes and can be delivered distally via microcatheters for precise occlusion with associated locoregional drug delivery. Embolic performance has been traditionally evaluated using animal models, but with increasing interest in the 3R's (replacement, reduction, refinement), manufacturers, regulators, and clinicians have shown interest in the development of more sophisticated in vitro methods for evaluation and prediction of in vivo performance. Herein the current progress in developing bespoke techniques incorporating physical handling, fluid dynamics, occlusive behavior, and sustained drug elution kinetics within vascular systems is reviewed. While it is necessary to continue to validate the safety of such devices in vivo, great strides have been made in the development of bench tests that better predict the behavior of these products aligned with the principles of the 3R's.
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consider the practice an open and shut case and indeed many of the currently performed procedures focus on minimally invasive treatments that either aim to restore the flow of blood, bile, or urine to an end organ, or on the blockage of blood flow at a target site to bring about a therapeutic effect-known as embolotherapy. [13] As practice has developed, advancements in imaging, catheter technologies, and the myriad of medical devices available to the interventionalist have meant that treatments have become more sophisticated and effective. The devices that have been developed to enable targeted occlusion of blood vessels have likewise undergone a similar evolution in design.
In the early days, physicians would use almost anything that could be squeezed down a catheter in order to cause an obstruction in the vessel, such as autologous blood clot or the use of gelatin sponge pieces passed between two connected syringes to produce a slurry. [14] Polyvinyl alcohol (PVA) foam was the first commercially available synthetic particulate embolization agent, [15] selected because of the wide medical application and known biocompatibility of the material. [16] The particles were sieved into size ranges to provide the interventional radiologist with a choice of agent depending upon the size of the vessels to be occluded. [17] The commercial availability of microspherical embolization agents occurred some years after the appearance of particulate PVA in the mid-1990s with the launch of the Embosphere microspheres (then BioSphere Medical, now Merit Medical [18] ). Over the next few decades a range of many different types of microspherical embolization agents reached the market, with ever-increasing functionality such as expanded size range availability, drug loading and elution capability, degradability, and more recently, X-ray imageability ( Table 1) . With so many different material compositions involved, manufacturers have had to design more complex methods of characterization and evaluation to aid in the development and regulatory approval of these devices. An excellent introductory two-part review was conducted by Giunchedi et al. of the various microsphere chemistries and their unique properties, with a comparison to conventional Lipiodol-based transarterial chemoembolization (cTACE). [19] Since this time there have been several noteworthy additions to the field such as biodegradable microspheres, [20] significantly reduced average sizes, [21] and radiopaque microspheres. [22] Here we attempt to pull together for the first time a review of the published literature pertaining to the methods and techniques applied to the translation of embolic agent performance from bench testing to eventual clinical application.
Measuring Microsphere Physicochemical/ Mechanical Properties and Their Impact on Occlusion Behavior
There are multiple parameters that have significant influence on the performance of the embolic agent (Figure 1) , which are somewhat interrelated with one another.
Microparticle Shape
Particulate nonspherical PVA is still used today for many procedures given its relative cost effectiveness and proven clinical history. [15, 17] It can, however, be complicated to administer through some of the newer small caliber lumen microcatheters, as the irregular shape of the particles means they tend to interlock and occlude the lumen if not delivered very slowly and in dilute suspension. [23] This tendency for aggregation and more proximal occlusion was not predicted using bench testing but was demonstrated in animal studies, which also showed that microspherical embolization agents did not tend to aggregate given their smooth surface morphology and were carried by blood flow into more distal locations. [24] Optical microscopy Marcus Caine is a Senior Innovation Scientist at Biocompatibles UK Ltd., part of the BTG group. His role centers on primary interaction with treating physicians for training and research exchange, he is also completing a parttime Ph.D. with the University of Southampton in Applied Biomimetic Microfluidics. This research project focuses on the application of in vitro research methods for advancing treatment efficacy in the fields of interventional oncology and pulmonology.
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is one of the few methods that has been used to characterize particulate PVA and has shown that it can often be associated with smaller than calibrated sizes that could potentially cause off target distal embolization. [7] Nevertheless, PVA still finds widespread use where simple proximal mechanical occlusion is desired, such as for treating arterial hemorrhage [25] and arteriovenous malformations. [26] Where the physician has a desire for the embolic agent to be more flow-directed to achieve deeper penetration and a more predictable occlusion location, microspherical embolization agents will tend to be used. Moreover, microspheres loaded with chemotherapeutic agents, or so called drug-eluting beads (DEBs) are usually used for more distal penetration of malignant tumors, for instance, in order to deliver a local sustained dose of drug within the tumor feeding vessels. [27] 2.2. Microsphere Composition Table 1 outlines the commercial embolization microspheres currently available at the time of this review. Naturally, not all of the microspheres outlined are manufactured using the same methodology, and each process utilizes different basic chemical constituents. The formulation composition for a microsphere influences the physicochemical properties that it exhibits and this can be tailored to produce specifically desired attributes such as compressibility, radiopacity, drug binding capacity, and biodegradability. It will also, however, influence the surface properties and hence tendency to interact and aggregate, and bulk properties such as density and water content which will affect how the microspheres suspend in solution, their rate of sedimentation, their ability to pass through narrow microcatheter lumens, and their subsequent behavior in blood flow and at the eventual site of occlusion. In the following sections we will outline how some of the key microsphere attributes are measured and then focus on each of the steps performed in the preparation and administration of microspherical embolization agents and how differences in physicochemical properties between products influence their behavior.
Microsphere Size and Size Distribution
Obviously the size of the microsphere is somewhat critical in the determination of the size of the vessels that are embolized, not only as it is a major determinant of the fluid dynamic behavior of the microsphere (Table 5 ) but also because it dictates the level of occlusion in the vasculature ( Figure 1B) . Few of the commercially available embolic microspheres are one size only, most being supplied as either a narrow or broad size distribution within a range (since the vessels in a targeted location are also a distribution of sizes). Comparison of narrow versus broader size distribution microspheres of the same chemical composition (nominal sizes of both 600 and 800 µm) in kidney and uterus animal models showed there to be no difference in the distribution of the broad versus narrow size ranges in vivo, and hence no targeting advantage for narrower size ranges. [28] Smaller microspheres (<100-300 µm) however, do distribute differently in vivo, the smaller size range penetrating deeper into the vasculature, as there is less chance of a larger microsphere blocking the vessel first and impeding the passage of subsequent microspheres. [29] Size is most commonly measured using optical microscopy, sometimes with calibrated software that allows accurate measurement of microsphere diameter in a particular field of view, with usually a minimum number of 200 measurements to produce a representative histogram of the distribution of size within the range. [21] As most of the microsphere products on the market are sieved into size fractions, the resulting histograms for each size fraction are not necessarily normally distributed, and can often be skewed to the lower or upper end of the distribution, although the minimum and maximum sizes in the range are the same. For example, Figure 2 shows a histogram for the size distribution of DC Bead (1000 measurements over five lots) showing how the 70-150 µm size range is a subset of the 100-300 µm size range with the same minimum microsphere size. [21] Interestingly, it has been shown that some Histogram of the size distributions (by frequency) for the four commercially available size ranges for DC Bead. Beads were sized from microscope images. Reproduced with permission. [21] Copyright 2016, Springer.
(5 of 21) 1601291 of the reported size distributions for the products with supposed tighter calibration are not as they are claimed with significant numbers of microspheres outside of the manufacturer's labeled size specification. [30] Scanning electron microscopy (SEM) has also been used to characterize microspheres for surface morphology and size [31] but care must be taken with the introduction of visual artifacts caused in the high vacuum environment of the SEM that would dehydrate hydrogel microspheres rapidly, for instance, without some fixation process. [31a] A simple wedge-geometry glass plate model has been reported that allows simple visualization of microsphere penetration potential, which can clearly demonstrate localization of different size ranges (Figure 8 ). [21] The absolute level of occlusion is not representative of what is observed in vivo as microsphere compressibility is also an important property that influences how distal a microsphere may travel ( Figure 1D ). In the plate model, the microsphere is allowed to compress uniaxially instead of radially as it would when confined in a vessel; but the relative levels of penetration remain predictive of the in vivo performance. In poorly designed and characterized products, changes in the compressibility of the microsphere between different size ranges can lead to mechanical properties that dominate over size in determining size of occluded vessels, resulting in unpredictable performance. [30] Where the microsphere is a DEB the model also allows the comparison of performance between bland and drugloaded microspheres. [21] With some DEBs the loading of the drug results in a decrease in the average diameter of the microsphere by as much as 30% (depending upon dose loaded) [32] ; but this is also accompanied by a concomitant increase in the elastic modulus of the DEB which offsets the size change and means the penetration potential remains largely the same. [21, 33] 
Microsphere Mechanical Properties
As mechanical properties are clearly a very important determinant of the occlusive behavior of microspherical embolics, many different micromechanical test methods have been described in order to differentiate and predict product performance, in which either single beads [22a,34] or more commonly a monolayer of beads, [32a,33,35] are compressed by a probe (Figure 3) . Single-microsphere compression is possible using nanoindentation methods but this procedure is challenging for very small microspheres. [22a] Measurement of the Young's modulus of a monolayer of microspheres is possible to give an estimate of microsphere stiffness, but limitations of the methodology means that this works best for larger microspheres or where the size distribution is very narrow. [33] Overall, methodto-method variability is very high and dependent upon many operating factors, so testing needs to be conducted with known benchmarks to provide any meaningful comparative data ( Table 2) .
Microsphere elasticity is also important, as the ability for the microsphere to recover its original size (i.e., after injection using microcatheters) is critical for predictable behavior. [35b] Contour SE was a microspherical embolic agent that failed to work clinically in the treatment of uterine fibroids. [36] Its internal structure was shown to be highly macroporous and sponge-like, as opposed to the microporous nature of hydrogelbased microspheres. [31a] Mechanical studies showed it to be very soft and deformable [31a] but more crucially, once compressed within the microcatheter lumen it did not recover its original size and shape quickly, and caused more distal penetration than expected. [31a] Hydrogel-like microsphere products demonstrate good levels of compressibility for ease of delivery but are also very elastic, recovering their target dimensions once they have exited the microcatheter. [35b] The ability to deform however, is a feature that must be considered during use of the product, as it is known that many microspherical embolization agents demonstrate a vascular redistribution phenomenon. [37] This may occur when an endpoint has been reached during the embolization where apparently no more product can be administered into the vessels without fear of reflux (retrograde flow and potential off-target embolization). [38] It has been observed however, that if one waits for 5-15 min and then performs another diagnostic angiogram, the vessels appear to have opened again and more embolic agent can be administered. [22b] This effect may be due to temporary crowding of microspheres at a bifurcation followed by the migration of the microspheres to a more distal location under the back pressure of the blood on the occlusive mass, together with some compression of the hydrogel microspheres themselves leading to a more deformed geometry within the vessel. [39] For DEBs it has been shown from compression tests that the Young's modulus increases with increasing dose of drug loaded into the microsphere (the extent of which depends on the type of microsphere, the drug species, and the dose of drug loaded). [32a,b,33,35e] This increase in stiffness can be quite marked where the drug has the ability to interact with itself, such as is the case with the anthracycline chemotherapeutics, which can π-π stack when in close proximity with each other within the microsphere structure, [40] effectively cross-linking the hydrogel matrix. [33] Indeed, drug loading also reduces water content within the hydrogel which can also affect the density and hence suspension of the product. [22a,33] The presence of drug may also alter the surface characteristics and affect the tendency of the microspheres to aggregate under flow or within the delivery syringes.
Microsphere Aggregation
PVA particles aggregate more proximally due to their irregular shapes that interlock and form clumps. Microspheres are designed to have smooth surfaces that resist interaction with one another under flow until they are trapped together in a vessel by virtue of size. Aggregation is therefore usually to be avoided as it may complicate delivery and make predictability of occlusion difficult ( Figure 1E ). One product however, actively utilizes aggregation in its mode of action. Occlusin 500 has a collagen coating which actively binds platelets when introduced into the bloodstream, promoting aggregation of the microspheres which may stabilize the resulting platelet-rich clot that forms. [20c] This product is 212 µm in size and noncompressible, but behaves in vivo in a similar fashion to a 300-500 µm DC Bead + Dox (45 mg) 700-900 µm Monolayer 248.9 ± 43.9 Lewis [33] DC Bead + Dox (37.5 mg) 700-900 µm Monolayer 168.0 ± 18.7 Lewis [33] DC Bead + Dox (20 mg) 700-900 µm Monolayer 66.1 ± 6.3 Lewis [33] DC Bead 700-900 µm Monolayer 33.0 ± 2.9 Lewis [33] EmboSphere 700-900 µm Monolayer 27.6 ± 3. (7 of 21) 1601291
Tris-acryl gelatin microsphere (TGMS), due to the plateletinduced aggregation.
Microsphere Degradation
While many of the embolic microspheres used in the clinic are permanent implants, a number of degradable materials are also available. Gelfoam slurry or pledgets have been used for many years as a temporary embolization agent but embolize proximally due to their largely heterogeneous and irregular shape. Gelatin-based microspheres have been proposed for many years as a calibrated solution for embolization [41] and most recently Gel-Beads (Vascular Solutions Inc.) have appeared on the U.S. market which claim to absorb on the body over time, although no data are available yet on the performance of this product. Degradable starch microspheres (DSM) have been available since the early 1980s and initial in vitro evaluation in blood showed them to degrade in 20-30 min due to the presence of serum amylase. [42] Calcium alginate microspheres have been described in which degradation was followed in vitro by measuring calcium loss, size change, and weight loss over time. [35d] Microspheres composed of oxidized carboxymethyl cellulose and carboxymethyl chitosan have been described in which in vitro degradation has been modeled by measurement of weight loss and optical microscopy following incubation in lysozyme to mimic enzymatic action in the body. [20a,b,43] Others have reported on poly(ethylene glycol) methacrylate hydrolysable microspheres for transient vascular embolization in which they monitor weight loss during incubation but also collect the hydrolytic degradation products and analyze them with 1 H nuclear magnetic resonance spectroscopy for chemical identification, and extracts are subjected to cell-based contact toxicity assays to test for potential cytotoxicity. [44] Ultimately, for all of these degradable materials, mid-to-long-term implantations in vivo are required to determine actual rate of degradation and local toxicity effects. [20b,c,45] 
Microsphere Radiopacity
Embolic microspheres with intrinsic radiopacity have been described for many years with a multitude of experimental studies in the literature. Radiodensity has been introduced into the microspheres by incorporation of metals such as tantalum, barium, and iron, or addition of organic compounds containing iodine species. [46] While this results in the material being able to absorb X-rays, it can also adversely affect handling and administration of the microspheres due to rapid sedimentation resulting from the increased density. [47] Some of these issues have now been overcome with recent entrants into the market such as X-Spheres, LC Bead LUMI, and DC Bead LUMI. A simple estimate of radiopacity can be gained by subjecting the microspheres to a standard X-ray together with an aluminum step-block to provide a gauge to the degree of visibility. More sophisticated techniques include the preparation of phantoms of the microspheres (Figure 4) , in which they are suspended in a temperature-sensitive gel such as agar at various concentrations to determine the extent of visibility of different dilutions of microspheres under either high-resolution microcomputed tomography (micro-CT) or under clinically relevant conditions using multidetector CT (MDCT). [29, 48] Phantoms can also be constructed by packing microspheres into small tubes of varying diameters (line phantoms) to emulate the filling of vessels in order to evaluate the smallest vessels that may be visualized when embolized with the radiopaque microspheres. [22a] Where the microsphere contains iodine as the radiopaque element, total iodine content can be obtained from standard combustion elemental analysis. Moreover, it has also been demonstrated that iodine distribution can be measured by embedding and sectioning the microsphere using a microtome, followed by imaging with a SEM to select a survey line across the diameter of the sectioned sphere, followed by use of energy dispersive X-ray analysis (EDAX) to determine elemental composition across the survey. With some basic characterization techniques described in this section, the following sections take a more detailed look at the steps involved in the preparation of embolic agents and their subsequent delivery into the body, including aspects of drug loading and elution for DEBs where relevant.
Suspension, Handling, and Microcatheter Delivery of Microspheres
When discussing the application of testing methods to embolic devices it becomes important to consider the intended mode of action. [38b,49] The process of delivering embolic devices has many discrete considerations, including preparation, ensuring adequate physical suspension of the embolic material during delivery via appropriately positioned microcatheters, to characterizing the resistance observed during delivery ( Figure 5 ). Required product attributes include minimal fragmentation, ease of delivery (low resistance), and conformance to the microcatheter during delivery.
[49a]
Ensuring Optimum Suspension
Depending on surface chemistry and morphology of microspheres, their physical introduction via microcatheter will require adequate suspension to minimize occlusion within the confined hub of the catheter. This is typically achieved using a viscous radiopaque contrast agent which reduces the occurrence of embolic aggregation. There are a wide range of contrast agents available for use with various densities, viscosities, and additive chemistries, however there is currently no clearly defined scientific rationale for selection of type.
The suspension characteristics of microspheres are typically assessed using time to loss of suspension within a syringe. This is impacted by the relative density, osmolality, and viscosity of the microsphere suspension and their suspending medium, and is of great practical importance as it defines the injection period before resuspension is required by the physician. [50] Different microspheres will therefore have unique suspension properties and will interact differently in certain contrast media types. Table 3 is an example of Bead Block suspension in four major contrast agents highlighting the variations of suspension time relative to dilution ratio.
Although not fully comprehensive, characterization of bench top performance can be used to identify trends in physicochemical performance for a given product. The physical properties of a microsphere suspension will also impact the handling during delivery and potentially the distribution of microsphere suspensions in vivo. The ability of the physician to consistently administer the suspension will also be a significant factor in evaluating the performance of the composition. The chemical properties of contrast agents can also influence the chemical stability and elution properties of drug-loaded microspheres and any ionic interaction must be carefully analyzed prior to use. [51] For example, contrast agents with high ionic contents such as Visipaque (GE Healthcare) have been shown to be associated with rapid elution of some ionically bound drugs. [52] Chemical stability and chromatographic purity are determined from high-performance liquid chromatography (HPLC) testing 900-1200 UFE hypervascular tumors 3 min (in 2 mL) 3 min (in 2 mL) 4 min (in 2 mL) 6 min (in 2 mL) (9 of 21) 1601291 of drug compounds, this can then be used to issue recommendations regarding the storage and use of drug-loaded microsphere suspensions. [51] Blood interaction in terms of relative viscosity and erythrocyte aggregation was also studied with various contrast agent types. [50, 53] It was shown that with increasing contrast agent viscosity could lead to inhomogeneous distribution of suspended particles due to shear-induced erythrocyte aggregation. [50] The physicochemical properties of the chosen contrast agent will also need to be tailored to the physical properties of microspheres. The recently developed radiopaque microspheres, which are chemically modified to yield inherent radiopacity, also present increased density and lower compressibility as a result of the chemical iodination process. [22a] It is therefore increasingly important to match suspension properties of the contrast agents to those of the microspheres, in the case of microspheres with higher density, by increasing the viscosity and density to reduce the sedimentation effect over time. [22a] Profiling and evaluation of these chemical changes is not always possible with conventional in vitro methods. Therefore, applied flow models that incorporate measures of suspension, administration, and flow distribution increase understanding of any potential effects, for example, in evaluating a novel microsphere prior to preclinical evaluation.
Handling and Microcatheter Delivery
Historically, catheter compatibility was assessed using multiple operators and various catheter types and sizes in tortuous and straight configurations. The deliverability of embolics was then assessed using ranked operator feedback. [32b,54] As embolotherapy has developed so too have microcatheter designs and functionality. The physical size and internal diameter of catheters has been significantly reduced over the past 20 years to enable increased superselective targeting of small vessels with controlled positioning, while surface modification of the inner lumen and antikinking technology have reduced risk associated with thrombogenicity and terminal blockages. [55] The physicochemical properties of microsphere suspensions have also been associated with the miscibility and distribution within hemodynamic flow. [56] It has been proposed that microspheres will track to the distribution of injected solutions in blood. [57] Although recent investigation into the discrete distribution profiles of different radioembolic microspheres has indicated that there may be an inconsistency with the hemodynamic blood distribution pattern predicted in these studies, [58] instead particles may distribute as a discrete phase that has the potential for tailored alignment through incorporation of contrast agent. [76] This theory was previously only supported through ex vivo histology for microsphere location following administration, now it is possible through the use of radiopaque microspheres to characterize the real-time flow distribution as this aligns with contrast agent distribution. [76] This offers the ability to align distribution effects with suspension durability for in vitro-in vivo correlations.
In creating additional metrics for evaluation of the delivery conditions it is important to understand the potential implications in a clinical scenario. This has been demonstrated with the Surefire Infusion System (Surefire Medical Inc., USA) and its proposed ability to increase the accuracy of distal embolic delivery and minimization of embolic reflux. [59] The claim of the device is the prevention of retrograde flow or reflux following distal embolization, through the use of an inflatable hood at the tip of the catheter. Initial validation and assessment of this delivery device was performed in terms of the blood pressure as a precursor to activation of the device. [59, 60] The antireflux catheter system has also been employed in delivery of radioembolization. [59b,60] This therapy is highly flow dependent as there is a minimal level of embolic effect, the hemodynamics within the selected vascular path must thus ensure effective distribution of suspended microspheres.
Tortuous path microcatheters have been utilized for evaluating the morphological attributes of different microspheres and their effect on deliverability. This involves the forced kinking of the microcatheter to impose a confinement effect (Figure 6 ) and test the deformation and elasticity of microspheres during delivery. [31a] The physical compatibility of microspheres has been profiled and has started to be publicly reported to provide confidence in specific product combinations and to highlight limitations prior to procedural use. Notably, it is important to design handling studies with the end user in mind. This has recently been demonstrated during development of novel radiopaque microspheres (Table 4) where the investigators conducted a series of handling studies involving both technical and clinical users to ensure that variations in the administration styles and levels of experience were considered when impartially evaluating potential microsphere chemistries. [22a,48a,61] The results of these studies helped in the selection of a candidate that could be used in clinical practice and which was taken forward for further in vivo studies. assessment additionally encourages a fit-for-purpose rationale that can then be linked to product training and experience to enhance safety and application.
A recent report by Lu et al. incorporates catheter hub pressure recordings into deliverability studies of novel Lipiodol-containing polyvinyl alcohol microcapsules (LPMs) (Figure 7) . [62] Static pressure or physical embolic resistance can be a critical measure of the performance of a product suspension. It is proposed that proximal and distal pressure can be utilized to measure the real-time response of microsphere suspensions in terms of embolic characteristics and performance. Recent studies measuring pressure-induced reperfusion [63] and associated intratumoral hypoxia [64] have suggested that pressure at the catheter tip measured through direct in vitro recording could be directly correlated to that of the tumor microvasculature.
Expansion and optimization of an in vitro bench top indicator of the physical ability to restrict fluid flow in confined channels relative to the microsphere chemistry and suspension durability would serve as an evaluative measure of the functional mode of action of different microsphere chemistries and compositions. Through standardization of the testing method it is possible to remove bias associated with operator delivery and increase the confidence in comparative assessment. [38b] Optimization of this process would aid in the effective translation of bench studies to clinical profiling methodologies.
Microsphere Delivery Considerations
Embolic therapy is regarded as a highly dynamic process where practitioners must tailor the physical handling of the product to the unique vascularity of the patient. This degree of customization has resulted in a lack of consensus regarding the administration style and potential effects. [38b] There have been several studies into the effect of administration rates, suspension, dilution, and catheter positioning as well as the clinical response of these variations stratified by patient type. [49b,65] [49b,65] The ability to administer specific microsphere volumes intended to deliver either a precalculated dose of chemotherapeutic drug or to elicit a calibrated physical restriction is heavily determined by physicochemical characteristics of the microspheres. [74b] In cases of proximal occlusion or reflux, underdosing or off-target embolization can result in reduced procedural efficacy or increased risk to the patient. [74b] Slower injection rates have been associated with higher tumor filling and also reduced risk of reflux [57c] whereas positioning of the microcatheter (distal vs proximal) and selection of smaller sizes of embolics has been shown to result in more distal penetration and homogenous tumoral coverage. [29, 66] These effects have been recreated with in vitro testing protocols to confirm specific flow properties in terms of their defining physical properties which have the potential to be used as indicators of performance in vivo. Models to profile the flow and embolic effects resulting from variations in the administration style and embolic material have been developed to specifically define the distribution and embolic profiles of embolic microspheres during administration.
Flow Behavior and Occlusion Performance of Embolic Devices
Understanding the flow behavior of embolic devices after injection into the bloodstream is of crucial importance to predict and potentially control the localization of embolic events in 
Figure 7. Pressure curves of catheter delivery test for Lipiodol Polymeric Microspheres (LPMs)
. a) 300-500 µm, 3 Fr; b) 500-700 µm, 3 Fr; and c) 700-900 µm, 4 Fr. Reproduced with permission. [62] Copyright 2013, Elsevier.
(11 of 21) 1601291 the tumor vasculature. This is recognized as a primary determinant of therapeutic efficacy, [67] and has attracted increasing interest from researchers and enterprises working in the field of embolotherapy. Embolics traditionally are not visible under X-ray imaging, and only the stream of injected contrast phase is used to identify the location of embolic material during delivery. [29] The ability to visualize flow characteristics in controlled settings has been previously investigated, [29] but no clear system design has been identified for this purpose yet. To this end, studies have generated computational and experimental investigational platforms based mainly on sections of the target anatomy of tumors and tumor bearing organs.
Evaluating Embolic Flow Behavior
From a fluid mechanic perspective, comprehensive characterization and modeling of embolic particle flow behavior is nontrivial and this is due to various physical factors, including (i) the intricacy and patient-specificity of the tumor vascular network, [68] (ii) the non-Newtonian and biphasic nature of the carrier fluid (i.e., blood or a mixture of blood and contrast agent), [69] (iii) the continuous variation of the local rheological properties of blood along the microvascular bed, [70] and (iv) large differences in the physical properties of embolic devices available on the market. [31a] In an attempt to identify the key physical determinants influencing embolic particle flow in a physiological scenario, we have adopted a simplistic approach and isolated individual forces acting on a single flowing spherical particle ( Table 5 ). The combined action of these forces will determine the spatial partitioning of particles at branching sites within the vascular system, and therefore the location of the primary vascular occlusion sites. It should be noted that the relative direction of action of these forces may depend upon the specific architecture of the target vasculature, making it difficult to draw generalized conclusions on the directionality of the net force. For simplicity, we herein consider the case of a steady flow of an embolic particle in a planar vascular network, which lays in a plane perpendicular to the direction of gravity. It appears evident from Table 5 that it is the interplay between numerous physical parameters which determines the flow behavior of embolic particles in the bloodstream.
Parameters include those associated with the carrier fluid (i.e., local blood density, dynamic viscosity, velocity), the vessel in which particles are flowing (i.e., hydraulic diameter and radius of curvature), and the embolic device (size, position within the vessel, compressibility, density, velocity). Blood physical properties will in turn depend on the local hematocrit, and therefore on red blood cell distribution across the vascular system. Vessel distensibility has not been considered in this simplified description, however it may significantly affect the flow behavior of particles and blood cells, particularly when pressure fluctuations originate from embolic events.
A faithful replication of these physical variables represents a considerable experimental challenge, and current models are able to mimic only a limited range of the physical determinants influencing embolization performance. For instance, given the difficulty in systematically controlling and predicting the local hemodynamic profile and architecture of a patient-specific vascular bed, previous studies have focused predominately on the effect of particle physical properties as a determinant of spatial distribution and embolization performance. Furthermore, in order to overcome the economical, ethical, and technical issues associated with the use of animal models in research, efforts have been recently focused on developing artificial models capable of providing measurable performance indicators for comparison between different embolic agents. These models may be designed to reproduce either quantitative or qualitative features of the physiological target vasculature, and are usually tailored to study the effect of a specific set of properties of the embolic devices under investigation.
Evaluating Embolic Penetration and Migration
An experimental apparatus has been developed by Lewis et al. to study the migration and occlusion performance of drugloaded hydrogel microspheres in a 2D environment. [21] It consisted of a high aspect ratio, tapered channel whose height varied linearly from 555 to 25 µm. Microspheres were introduced into the flow of a carrier fluid (i.e., saline solution), and a constant static pressure at the inlet boundary of 40 mmHg was imposed to emulate blood pressure in vessels of comparable size (Figure 8) www.advancedsciencenews.com Table 5 . Relevant forces acting on an embolic particle steadily flowing through a blood vessel. For each type of force, a brief description of its physical meaning, the direction of action relative to the mean flow, and the main physical determinants are reported. These are divided into subcategories depending on whether they are related to the physical properties of blood, blood vessel, or embolic particle. ρ b = blood density, µ b = blood dynamic viscosity, v b = blood velocity, D h = vessel hydraulic diameter, R c = vessel radius of curvature, r = radial position of particle within the vessel, v p = particle velocity, R p = particle radius, β p = particle compressibility, ║ = parallel to, and ┴ = perpendicular to. Dean drag Drag force induced by secondary flows associated with curved channels
Wall interaction Lift Force resulting from the hydrodynamic interaction between particle and walls, upon confinement
Shear gradient Lift Force due to the curvature of the velocity profile (i.e., velocity gradient)
, r, β p until they were physically constrained by their size and could not penetrate more distally. Using this apparatus, the penetration distance of microspheres with different size was investigated, and smaller microspheres (diameter range 70-150 µm) were observed to migrate more distally compared to the larger sizes (100-300, 300-500, and 500-700 µm). Furthermore, a direct correlation between microsphere size dispersity and repeatability of the penetration performance was observed, suggesting that a narrower size distribution may lead to consistent positioning of the embolic sites. This model significantly simplifies the physiological environment, as the geometrical constraints are such that microspheres flow is purely dominated by Stokes drag. However, it provides a useful investigational tool for assessing the effect of microsphere size and compressibility on the penetration performance.
Vascular Models of Embolization
In an attempt to develop a physiologically relevant vascular model, [71] Jernigan et al. constructed an artificial surrogate of the liver tumor vasculature which comprised of 64 silicon tapered microchannels arrayed between two glass plates. Channel width varied from 15.6 µm (inlet) to 20 700 µm (outlet), while channel height varied from 500 µm (inlet) to 32 µm (outlet). This resulted in mean fluid velocities comparable to those observed in arterioles. The model was connected to a pressurized surrogate arterial system for administration of glass or resin embolic microspheres under varying flow rates, and could be rotated for investigating gravitational effects on microspheres. As for the single-channel tapered model presented by Lewis et al., a Newtonian carrier fluid was employed although its dynamic viscosity was adjusted so as to mimic the bulk physical properties of blood. Using this model, authors observed that resin microspheres penetrated more distally compared to glass microspheres, which was attributed to the higher Stokes drag force experienced by the larger resin microspheres. Glass microspheres were instead more sensitive to variations in the inclination angle, given the higher density contrast compared to the surrounding carrier fluid. The authors however, concluded that drag force was the major determinant of microsphere penetration in their model. Despite combining the effect of drag and gravitational forces on a single experimental platform; this model does not replicate the geometrical features of vascular systems, particularly in terms of channel cross-sectional shape, length, and presence of branching structures. Furthermore, channel size relative to microsphere diameter was such that only a minor embolic effect could be generated in this system. In order to more closely replicate the architecture of vascular networks and related microsphere injection protocols, Richards et al. developed a model of the proximal hepatic circulation using tubes of varying diameter (in the range 6.00-2.68 mm) made of transparent urethane resin (Figure 9) . [58b] The model comprised of one inlet and five daughter channels, and was employed to investigate the spatial distribution of polypropylene microspheres ranging in size from 106 to 125 µm with densities of 0.9-1.1 g cm −3 . It allowed control of the radial injection site and investigation of the effect on particle distribution. Using this system, authors demonstrated potential for achieving individual branch targeting by controlling the particle injection location, and this was further validated using a computational fluid dynamic (CFD) model. Studies were conducted using a Newtonian fluid replicating bulk density and viscosity of blood, which was injected at a constant flow rate (corresponding to an inlet Reynolds number of 600-700). Despite its utility in evaluating clinical injection procedures and their effect on particle distribution, this apparatus is not intended to model confinement or embolic effects that occur during clinical treatment.
Further CFD investigations have been performed on a similar model of the hepatic arterial circulation by Basciano et al. [72] The flow behavior of radiolabeled microparticles of different densities (SIR-Sphere and TheraSpheres) was simulated by imposing a physiologically relevant pressure wave at the inlet boundary. Using this model, the temporal dynamics of particle injection was found to have a significant influence on downstream particle behavior. Specifically, the accelerating phase of the inflow waveform was observed to cause minimal radial particle dispersion, resulting in negligible effects of particle diameter and density. The reduced velocity during the decelerating phase of the waveform however resulted in particle trajectories being dominated by their physical properties (i.e., density). As
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Adv. Healthcare Mater. 2017, 1601291 www.advancedsciencenews.com Figure 8 . Schematic of the 2D microsphere penetration model. Microspheres were introduced at the wide end of a tapered chamber into a constant flow of a carrier fluid, and migrated into the chamber until they were physically constrained by their size and could not translate more distally (microsphere blocking point). Reproduced with permission. [21] Copyright 2016, Springer.
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A planar model of the human liver vasculature was also recently developed by Xu et al. [73] to study quantitative endpoints during embolization. Channel diameter ranged from 6 mm (celiac artery) down to 1 mm arterial branches, and physiological values of static pressure (70-150 mmHg) and flow rate (200-500 mL min −1 through the whole liver) were replicated using a homogeneous non-Newtonian fluid. Pinch valves were employed to block the flow through selected vascular branches and investigate particle flow postembolization. The model was validated using numerical simulations, and used to investigate particle flow dynamics before and after deployment of an antireflux, conical tip catheter. A relationship between pressure drop across the deployed catheter tip and level of embolization was determined, which could be used clinically to identify the optimal infusion stop point. In its configuration, however, the model did not allow for a faithful dynamic replication of the different phases of the embolization process.
In order to enable detection of microspheres flow pre-, during, and postembolization, Caine et al. developed a siliconbased vascular flow simulator (VFS) representative of a firstorder hepatic bifurcation, with channel diameter ranging from 4 mm (proximal) to 0.9 mm (distal) (Figure 10) . [74] The model allowed for in situ monitoring of microspheres spatial distribution and high-throughput screening of different embolic agents, where microsphere flow depends on the combined effect of viscous, inertial (shear-gradient lift), and gravitational forces. Moreover, it contained meshed filter manifolds to generate embolic flow restrictions and evaluate their effect on microsphere spatial distribution. This also allowed visualization of retrograde flow postembolization, which could be characterized in terms of relative injection velocity or administration style. Notably, the vascular model was integrated with fluid pumping units, making the platform suitable for clinical training purposes. Microsphere-induced embolization could be generated and visualized using this model, making it suitable for comparative analyses between different embolic devices or clinical injection procedures. [75] Recently, the authors have presented a method incorporating the VFS geometry in a quantitative function to analyze the distribution of radioembolic microspheres. It was found that the pulsatile flow system combined with a single-order bifurcating geometry was sufficient to investigate material density and the presence of gravitational effects. [76] 
Microfluidic Models of Embolization
With the aim of revealing and quantifying the complex phenomenology of embolization processes, Carugo et al. developed a microfluidic-based model of the tumor microvasculature comprising of a 1000 µm diameter feeding channel and four outlet channels (minimum diameter = 200 µm) (Figure 11) . [77] The model was fabricated in a layer of highly transparent poly(methyl-methacrylate) (PMMA) via micromilling technology. The device could thus be coupled with an optical microscope for direct observation of microspheres distribution and embolization dynamics. Notably, both singleand multi-microsphere embolic modalities could be generated by injecting a suspension of microspherical PVA microspheres (Bead Block) with diameter ranging between 300 and 900 µm ( Figure 11B,C) , in a continuous flow of a Newtonian fluid (inlet Reynolds number = 3.6-72.2). A penetration efficacy coefficient was introduced to quantify the ability of a given microsphere suspension to penetrate distally within a vascular network. Notably, given the smaller channel dimension compared to other models, the flow behavior of embolic microspheres was affected by inertial forces arising from microsphere confinement (wall interaction lift), in addition to viscous, gravitational, and shear-gradient lift forces. The effect of confinement was evident when microspheres of different size were compared in terms of their partitioning at bifurcations. The model however replicated only a limited segment of the distal tumor vasculature, therefore it could not be used for injection of a therapeutically relevant amount of embolic material or for replicating clinical injection modalities, as for the larger model systems (i.e., VFS).
Using the same platform, the authors revealed for the first time the flow dynamics in embolized microvessels, which was characterized by the presence of residual flow postembolization and the formation of laminar vortices within the cavity formed by the vascular occlusion ( Figure 11D ). [78] However, the physical properties of both fluids and microchannels did not replicate those of a physiological system, and may have impacted on the experimental observations.
Despite the challenges associated with modeling of vascular structures, efforts have been made in an attempt to develop investigational platforms to study flow behavior and occlusion performance of embolic particles. These platforms are usually designed to replicate some of the physical determinants of embolization, so as to resolve specific differences between embolic devices or clinical procedures. While recent advances in technology (i.e., rapid prototyping) may open the way for the development of patient-specific models, simplified mimics of the target vasculature are often preferred as they provide measurable indicators of performance which are easier to interpret. However, these modeling simplifications may have impeded a quantitative correlation between in vitro and in vivo correlation (IVIVC). Qualitative agreement has been however demonstrated in some cases; for instance, segmental analysis of various embolic particles in a rabbit kidney embolization model have supported the 2D penetration information provided by the tapered channel model, if a radial correction factor is applied. [21] The spatial distribution of microspheres injected in the VFS model following a clinical administration procedure closely replicated spatial distribution patterns observed in vivo. [74] Furthermore, phenomenological observations obtained using the microfluidic-based arteriolar model qualitatively agreed with previous animal studies. [74] Future developments to current model systems may be required to achieve quantitative IVIVC, as follows: (i) Models usually replicate either a proximal or distal segment of the target vasculature. Proximal models are suitable for investigating spatial distribution of particles and its dependence on injection procedures, while distal models can be employed to study embolic events and their spatiotemporal dynamics. A system capable of integrating proximal and distal vascular segments in a single platform will allow a direct correlation between clinical administration procedures, hemodynamic boundary conditions, and embolization endpoints. (ii) Fabrication of such a model represents a technological challenge, given the large variation in vessel dimension along the vascular tree, that is, from few millimeters (proximal) to tens of micrometers (distal). Moreover, given the clinical tendency for reducing the size of embolic particles, microfabrication technologies may be required in order to generate channels suitable for embolic endpoints. (iii) Current models do not faithfully replicate the mechanical properties of the vessel wall. Future efforts should be focusing on mimicking those properties, as they may significantly impact on embolization dynamics. Reproduced with permission. [74] Copyright 2015. Reproduced with permission. [76] Copyright 2016, Elsevier.
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combination with the embolic concentration should also be considered. (v) The large majority of studies have been conducted utilizing Newtonian blood surrogates as carrier fluids. Future studies should be performed using biological fluids (i.e., full blood or diluted suspensions of blood cells), given that blood constituents may profoundly influence the fluid dynamic field both pre-and postembolization, and also closely interact with the embolic material. Furthermore, attention must be paid to the replication of clinical procedures of particle resuspension prior to administration (i.e., using contrast agents). (vi) A quantitative validation of embolization models requires the ability to detect and quantity performance indicators, via integration with analytical methods. These may include flow and pressure sensing units to monitor hemodynamic parameters at different temporal stages of the embolization process (i.e., from injection to vascular occlusion), optical detection, and image analysis techniques to track particle distribution and quantify the spatial position of embolization endpoints, and flow visualization techniques to determine local fluid dynamic events including presence/absence of residual flow postembolization, flow patterns in occluded branches, and retrograde flow postembolization.
Microsphere Drug Elution Studies
As for any product containing a pharmaceutical active, before any DEB can be evaluated in men it is necessary to gain an understanding of how the loaded drug will elute in the body. [79] When administered, DEBs first travel through the blood, carried by the flow within the vessel. At this stage, DEBs are bathed in an ion-rich medium that can initiate the ion-exchanged and drug release process. This is only the case for a few moments however, as blood flow is reduced by the DEB becoming lodged within the vessel lumen and may reach complete stasis dependent upon the amount of DEB injected (steps D and E in Figure 5 ). The stagnation of flow will cause blood to clot around the microspheres and drug release is then a function of ion diffusion into, and drug diffusion out of the DEB and into the surrounding tissue milieu.
Evaluation of Microsphere-Drug Interaction
The mechanism of ion-exchange for DC Bead has been studied in detail using a variety of experimental evaluations and mathematical modeling. [80] Drug and water distribution and their transport phenomena within the microsphere structure have provided some mechanistic insight into drug-microsphere interactions. [80a] Isothermal titration calorimetry has been investigated for its suitability in determining stoichiometry and thermodynamics of drug-bead interactions. [81] Drug elution investigations at the single microsphere level have also been performed using a microfluidic device consisting of a network of microchannels. The spatiotemporal dynamics of doxorubicin elution from DC Bead was determined using bespoke microscopic and spectrofluorometric methods. [78a] Confocal laser scanning microscopy (CLSM) is particularly useful for evaluating the presence and distribution of fluorescent drugs such as doxorubicin inside the bead structures, although quenching effects at high drug concentration can create artifacts. [33] Fluorescent recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) can be used to overcome these issues and reveal information on drug transport properties through the hydrogel matrix. [80] Fourier transform infrared (FTIR) microscopy can also be used to create an image of drug distribution through bead sectioned using a microtome. [82] A calibration curve can be constructed using beads with different drug loadings and this used to estimate the amount of drug left residing in beads embedded within histological sections from explanted tissue specimens. [83] Furthermore, FTIR can also be used to demonstrate specific interactions between drug and chemical functions within the beads, as there are subtle changes in the stretching frequency of the moieties that interact with the drug by ion-exchange, which correlate with concentration of drug bound to these groups. [84] These methods provide detailed behavioral information on the micrometer level but do not predict the outcome for locoregional delivery from an embolic mass, for which elution methods capable of assessing release from a physiologically relevant volume of microspheres are necessary.
Microsphere Elution Methods
Intra-arterial drug delivery is a complex scenario to model in vitro and while standard USP type 1-6 apparatus that are used to evaluate tablet dissolution have been adapted to demonstrate the relative rates and total extent of release of drug from beads (Figure 12) , they have little bearing on how drug is released within the body. [79a] A T-apparatus method has been described by Amyot et al. [85] which attempted to incorporate a drug diffusion and convection zone to emulate drug release into the embolized regions and its eventual extraction from the tissue by blood flow in distant vessels. [86] The depth of the well in which the microspheres sit within the apparatus can be varied to alter the diffusion distance and hence vary the apparent rate of elution. [86] This has been used successfully in a number of reported studies and good in vitro in vivo correlation has been shown with drug plasma levels over the first 24 h post DEB treatment. [35c,79a] This model is however, not without practical difficulties and others have adopted the USP IV flow-through apparatus as a more rapid and reproducible model for microsphere elution (Figure 12 ). [32a,52b,87] This method, however, also suffers from limitations as some products have been shown to lose mass due to the rate of flow of the eluent through the microsphere mass and incomplete drug release has also been reported, which is an artifact of the method rather than a property of the DEB under study. [32a,87c] Others have described the use of two miniaturized in vitro methods based upon a free-flowing or sample reservoir setup that allows release rates to be measured under different conditions with reduced amounts of sample, release medium, and waste. [88] They proposed the low volume of in vitro release medium used may better correlate to the in vivo situation due to the low availability of releasing medium at the target site. [88, 89] Recently, a modified flow-through method has been described that uses an occluded mass of microspheres to emulate the embolization and can be adapted to take into account dimensional changes in the microspheres during elution. [90] Whereas burst release of drug into the blood is dependent upon microsphere size (surface area to volume), and administration rate in terms of absolute concentration of exposed drug containing microspheres, once in an occluded mass the elution is dependent largely on the concentration of ions present (or rate at which they flow through the system) and this method has been shown to be predictive of in vivo drug release. [90] The specific elution kinetics pertaining to the early phase of administration (which is typically associated with highest plasma profiles in pharmacokinetic studies) are currently under investigation using a modification of the vascular flow system shown in Figure 10 .
In Vitro Cell Culture Methods for Evaluating Microsphere Efficacy
Cell viability assays have been used in which DEBs loaded with one or a combination of drugs are placed in wells and the effect of the drug eluting into the media on cell survival is measured over time. [91] These studies provide some confidence that the drug can be released over time in a biological medium and has the desired effect on the cells. The effects of hypoxia have also been studied using in situ-in vitro PK/PD models, [92] and this combined with studies on DEB exposure to cells in various flow conditions and drug types [87a,92c] has the potential to provide the missing biological element to in vitro testing. Excellent advances have been made in testing implanted cells for various organs in response to drug compounds, [93] however little work has been performed to integrate this biomolecular interaction with scaled physical conditions associated with embolic delivery. Although many in vitro methods exist for evaluation of embolic agents, there is still a fundamental requirement for biological testing. This may come in the form of immunohistocompatibility, tumor kill ratios, or cascade reactions that are currently too complex and multifaceted to be effectively modeled in vitro. [94] Vasculature-on-a-chip models may however provide an experimental platform for investigating the effect of beads physical properties and flow behavior on biological effects.
Spectroscopic Methods for In Vivo Drug Delivery Evaluations
In vitro modeling can only provide guidance information and ultimately plasma pharmacokinetic studies provide the best estimate of drug release into the systemic circulation post DEB administration, and hence an estimate of the likelihood of drugrelated adverse side effects. Of more interest is the accumulation of drug into the target tissue over time. For doxorubicin, which is highly fluorescent, this has been studied using epifluorescence microscopy [29] or microspectrofluorimetry [83] on histological sections of tissues containing microspheres. Sunitinib is also fluorescent and its distribution in tissue has been studied by fluorescence microscopy and compared to that measured by Matrix-assisted laser desorption/ionization-selected reaction monitoring/ mass spectrometry (MALDI-SRM/MS) imaging. [95] Moreover, DEBs containing ibuprofen, doxorubicin, and irinotecan have been assessed in various in vivo embolization models and residual drug remaining within the microspheres at certain time points postdelivery has been quantified using techniques such as infrared microspectroscopy. [82b,83] A large amount of drug is released into the surrounding tissues within the first hours and can diffuse several hundred micrometers from the DEB surface. [29, 83, 96] More drug is released further from clusters of microspheres compared to single microspheres as they act as a giant reservoir for drug. In several studies, it has been shown in animal models around 70% of the loaded dose is released within the first week and 90%-100% within a month. [29, 83] It has been suggested that there may be a tissue dose maximum whereby the rate of doxorubicin release into the tissue is governed by diffusion and local ion concentration rather than DEB release properties, higher doses rather serving to extend the period over which the drug is released. Tissue mimic models are currently being investigated for their use in confined elution profiling of drug-loaded microspheres. The alignment of diffusion distance as a function of time with that of previous histological analyses will enable a fast and simple profiling tool for measuring a variety of features such as packing volume, novel chemistries, and the effect of external physical stimuli, such as ultrasound, on modified elution kinetics.
Perspectives on Regulation for the Development of Microspheres for Embolotherapy
Particulates or microspheres that are intended for use as artificial emboli and that are permanent in nature are classed as medical devices artificial embolization device (AED). They are regulated in the EU as a Class IIB-in case of bland embolization-under medical device directive MDD 93/42/EEC and in the United States as a Class II vascular and neurovascular embolization device, as their primary mode of action (PMOA) is that of physical occlusion of a vessel. Since PVA particles have been used for the indication of general embolization of vessels for over 40 years, they provide a comparative device against which subsequent next generation products have gained approval or clearance for use based upon substantial equivalence. Some of the test methods described in this review therefore, have evolved as a consequence of manufacturers' requiring comparative bench data to demonstrate the performance characteristics of their products similar to appropriate equivalent products.
With the addition of new features to the embolic devices comes the necessity for additional burden of proof, to demonstrate continued safety of the device and an appropriate riskbenefit profile for the new product. Naturally, devices composed of new materials hitherto untested for implantation require a complete evaluation of biocompatibility and toxicity, generally according to the testing regimes described in the International Standard ISO10993-1 "Biological evaluation of medical devicesPart 1: Evaluation and testing within a risk management process" (FDA guidance issued June 16 2016 ). There may also be a necessity for clinical data in certain instances. Simple line extensions, such as additional size ranges, for instance, can be approved by supplements to the design dossier for CE mark or additional 510(k) applications with appropriate evidence that the changes raise no additional safety concerns and the device remains effective in its intended use. [21] The addition of www.advancedsciencenews.com radiopacity to the device introduces the new capability to visualize the location of the microspheres intra and postprocedurally in order to better target their application and would require a new product application. [22] In addition to the considerations around new materials, there must be demonstration that the addition of the radiopacity does not adversely alter other properties of the microspheres, and that the device can still be handled and administered easily for use in the Cathlab. This requires a deep appreciation of the way in which the physicians use the products in clinical practice and guidance is provided by regulators to help device comprehensive usability and human factor studies for relevant "use" testing ("Applying Human Factors and Usability Engineering to Medical Devices," FDA guidance issued February 3 2016 and BS EN 62366:2008+A1:2015, "Applicability of Usability Engineering to Medical Devices"). The regulatory perspective on the feature of biodegradability/bioresorption of a device is more complex and may also relate to the rate at which the device is broken down in the body. There is obviously a requirement to understand and demonstrate what the materials of the device are broken down into and how these are ultimately excreted from the body. This can be a significant undertaking with radiolabeling studies recommended to trace the fate of the breakdown products in the body as they are eliminated. [97] This undertaking can be too high a hurdle for some manufacturers with limited resources and many opt to use materials such as polylactide/glycolide (co)polymers as the basis of their devices as the breakdown products and pathway of elimination are well known to the regulators and require less evidence. This does, of course, have the effect of stifling innovation of novel products. An example is the Occlusin 500 Biodegradable Embolic Microsphere, [20c] which was cleared by FDA in December 2009 based on a 510(k) application of substantial equivalence to the EmboSphere (nondegradable) Embolic Microsphere. As Occlusin 500 materials of composition are well known (poly(lactic-co-glycolic acid) coated with bovine collagen) and the degradation rate slow (>3 months) this product was deemed safe and substantially equivalent to a nondegradable predicate device.
When considering the combination of the embolization microsphere with a drug, as in the case of DEBs, the regulatory viewpoint changes and an algorithm is employed in order to determine the PMOA. The intention of the device component is still physical occlusion of the blood vessel, whereas the drug component is to be released locally in order to have a specific pharmacological action and biological effect, for example, an antitumoral effect. The FDA recognized that combination products (any combination of a drug, device, or biologic in a product at the point of use in a patient) [98] were evolving in complexity and introduced the Office of Combination Products (OCP) to address these issues. A request for designation (RFD) procedure was introduced that allows manufacturers to submit a description of their proposed combination product to OCP in order to initiate discussions around its assignment as primarily either drug, device, or biologic. FDA also recognized the challenges in the manufacture of such products given that different standards could be applied depending upon the view on the PMOA of the product and have provided guidance (Guidance for Industry and FDA Staff: Current Manufacturing Practice Requirements for Combination Products, draft guidance issued January 2015). For the European regulatory situation, DEBs with the primary mode of action being the occlusion of the blood vessels and the intention to delivery medicines loaded by the physician into the microspheres are seen as Class III products. Preloaded microspheres do include a medicinal product as an integral component and thereby are regulated as combination products. The presence of the drug, however, may alter the risk-benefit profile of the product and the level of clinical evidence required to gain regulatory approvals for these types of combination products can be both very extensive and costly for the manufacturers.
Summary
The present review of embolic microspheres provides an overview of the main considerations involved in their development, preparation through to final administration in patients, and the various tools and techniques that have been applied in their characterization in order to gain an appreciation of their performance and behavior. In doing so, we highlight certain elements that could warrant further examination in order to improve our fundamental understanding of the unique physical properties of this highly dynamic clinical procedure.
Clearly there is a need for more bespoke tests that help better predict clinical performance and will enable reduction in unnecessary animal testing, in conformance with the principles of the 3R's. An area lacking detailed study is that of the flow mechanics experienced during administration, and modeling of the directionality and end location of the devices under standardized administration parameters. This would improve our understanding of the procedural variables, distribution of the embolic devices within the vasculature, endpoint effects, and many other factors that influence the overall effectiveness of the treatment.
For DEBs there is still a lack of a drug elution test method that adequately predicts drug diffusion in embolized tumors. There are multiple methods available and it may be that a combination of different methods is required to gain a full appreciation of the early, mid and late phases of drug release from point of administration through to many months postembolization. Indeed, the early stages of drug elution occur as the DEB is being delivered and in-transit through the blood vessels; a stage of release not currently accounted for in current methods yet could be the single most important event for determining peak plasma drug concentrations and hence drug-related adverse events in patients.
Embolic microspheres continue to evolve with clinical practice, with additional features being designed into the devices to provide added functionality for the user, such as imaging capability so that the location of the devices can be tracked intra and postprocedurally. Each added function will require a test method to measure, monitor, and predict performance and long-term safety of the device in the body. Henceforth, test method development itself will require parallel evolution in compliance with the principles of the 3R's, to remain ethical, moral, and relevant to clinical practice.
